The effect of Fe doping ͑Ͻ20%͒ on the Mn site in the ferromagnetic (xϭ0.37) and the antiferromagnetic (xϭ0.53) phases of La 1Ϫx Ca x MnO 3 has been studied. Upon doping, no appreciable structure changes have been found in either series. However, conduction and ferromagnetism have been consistently suppressed by Fe doping. Colossal magnetoresistance has been shifted to lower temperatures, and in some cases enhanced by Fe doping. These results are not due to the strong lattice effects commonly seen in doping of the La sites. Rather, replacement of Mn 3ϩ by Fe 3ϩ depopulates the hopping electrons, and weakens the double exchange. The effect of Fe doping can be explained in terms of the band structure. © 1997 American Institute of Physics.
During the last few years, perovskite manganites have attracted broad research interest, because of their unusual magnetic and transport properties, especially the colossal magnetoresistance ͑CMR͒ 1 phenomena. The prototype material La 1-x Ca x MnO 3 , with a rich phase diagram, has been studied extensively. Double exchange ͑DE͒ 2 has been featured prominently in the physics of the CMR materials. Doping the insulating LaMnO 3 material with the divalent ions ͑Ca, Ba, etc.͒ causes the conversion of a proportional number of Mn 3ϩ to Mn
4ϩ
. The electrons hopping between the mixed Mn valence states then mediate ferromagnetism and conduction. The DE, and consequently, the physical properties of these materials, have been found to be particularly susceptible to lattice properties, such as the Mn-O-Mn bond angle and bond length.
To date, much of the exploration of the CMR materials has been done through doping the La sites with rare earths ͑Nd, Pr, etc.͒ of different sizes, which bring about strong lattice effects, and ultimately influencing the DE. However, fewer studies have been conducted on doping the Mn sites, which are at the heart of the DE. In this work, we have undertaken a study on the effects of doping the Figs. 1͑a͒ and 1͑b͒, respectively. The undoped sample undergoes a paramagnetic ͑PM͒ to FM transition, accompanied by a simultaneous insulator to metal transition, consistent with the results reported previously. 6 As Fe is doped into the sample, both the FM transition temperature (T c ) and M are systematically lowered ͓Fig. 1͑a͔͒. The sample resistivity , on the other hand, increases with Fe doping, as shown in Fig. 1͑b͒ . In every case, a peak in , characteristic of a metal-insulator transition, occurs near T c . It is also noted that the large nega- tive magnetoresistance, or CMR, is dramatically enhanced, from 120% for the undoped sample ͑yϭ0͒ to three orders of magnitude for yϭ0.12. However, further doping to yϭ0.18, insulating behavior has been observed in the whole temperature range, with or without a 5 T field, although a sizable MR still remains.
The La 0.47 Ca 0.53 Mn 1Ϫy Fe y O 3 series, on the other hand, shows more complicated behavior. The magnetization data with Hϭ1 T are shown in Fig. 2͑a͒ . The results for the undoped sample ͑yϭ0͒ are similar to those of La 0.5 Ca 0.5 MnO 3 previously reported, 6 where an intermediate FM state was observed between the PM state at high temperatures and the AF state at low temperatures. Upon Fe doping to yϭ0.09, the intermediate FM state disappears and only the PM to AF transition remains. Further doping with Fe has a less effect on the PM to AF transition. It is noted that for the yϭ0.09 sample, an additional broad extremum in M at about 210 K is observed, possibly due to charge ordering.
The temperature dependence of the resistivity at Hϭ0 and at Hϭ5 T of La 0.47 Ca 0.53 Mn 1Ϫy Fe y O 3 is shown in Fig.  2͑b͒ , which shows a qualitatively similar behavior among differently doped samples. With or without a magnetic field, the resistivity increases with decreasing temperature, leveling off at 60 K. Fe doping generally increases the resistivity, although the initial Fe doping ͑yϭ0.09͒ actually lowers . As for the magnetoresistance, the undoped ͑yϭ0͒ and the lightly doped ͑yϭ0.09͒ samples show negative MR by as much as two orders of magnitude at low temperatures. As the doping is further increased ͑yϭ0.13 and yϭ0.19͒, there is virtually no MR.
Magnetic hysteresis loops with field up to 5 T have been measured at 5 K for all samples. The magnetizations, normalized to the value at 5 T, are shown in Fig. 3 , respectively. In a solid, these orbitals form bands. For these ions, the t 2g↑ bands are fully occupied, the t 2g↓ and e g↓ bands are empty, and the e g↑ bands, which can accommodate a maximum of two electrons per ion, play a crucial role. In a mixed system of Fe and Mn, the widths and energies of their e g↑ bands dictate the electron distribution of the Fe and Mn ions.
Early . They proposed the presence of a small amount ͑less than 3%͒ of Mn 3ϩ and Fe 4ϩ to account for the conductivity behavior in their samples. This conclusion agrees with the above band structure, where the top of the Fe e g↑ band is nearly at the bottom of the Mn e g↑ band, except for a slight overlap ͑less than 3%͒ between the two, as shown in Fig. 4͑a͒ . The width of the Mn e g↑ band has been estimated to be about 1 eV. 8 Assuming uniform filling for simplicity, and that the overlapped width of the Fe and Mn e g↑ bands is 3%, the Fermi surface would lie at ͓(1ϪxϪy)/2(1Ϫy) Ϫ0.03͔ eV above the top of the Fe e g↑ band. Using the composition values of x and y for our series, the Fermi surface will lie 0.14 to 0.29 eV above the top of the Fe e g↑ band, as shown in Fig. 4͑b͒ . This energy diagram clearly illustrates that electron hopping between Fe and Mn is impeded by the lack of available states in the Fe e g↑ band. The only vacant states are in the Fe t 2g↓ band, lying above the Fe e g↑ band, as shown in Fig. 4͑b͒ . However, Chainani et al. 9 has shown that LaFeO 3 is an insulator with an intrinsic gap of about 2.0 eV, which implies that the Fe t 2g↓ band is located about 2 eV above the top of the Fe e g↑ band, or 1.71ϳ1.86 eV above the Fermi surface for our system, as shown in Fig. 4͑b͒ 
